Abstract. Pineapple has been used as part of traditional folk medicine since ancient times and it continues to be present in various herbal preparations. Bromelain is a complex mixture of protease extracted from the fruit or stem of the pineapple plant. Although the complete molecular mechanism of action of bromelain has not been completely identified, bromelain gained universal acceptability as a phytotherapeutic agent due to its history of safe use and lack of side effects. Bromelain is widely administered for its well-recognized properties, such as its anti-inflammatory, antithrombotic and fibrinolytic affects, anticancer activity and immunomodulatory effects, in addition to being a wound healing and circulatory improvement agent. The current review describes the promising clinical applications and therapeutic properties of bromelain.
Introduction
During the sixteenth and seventeenth centuries, the pineapple plants were introduced to Asia Pacific and became the first commercial crop (1) . Bromelain is a complex natural mixture of proteolytic enzymes derived from pineapple (Ananas cosmosus) and possesses notable therapeutic properties. There is continued interest in bromelain, which has been used for many years in folk medicine for various health problems. The potential therapeutic value of bromelain is due to its biochemical and pharmacological properties, and the main ingredient in crude bromelain is a proteolytic enzyme termed glycoprotein, which is in addition to insoluble materials, such as minerals, colored pigments, protease inhibitors, organic acids and organic solvents (2, 3) . As yet, eight proteolytically active components have been isolated from bromelain (4) . Proteinases are considered to be the most active fraction, which comprise ~2% of the total proteins (5) . Bromelain exerts its activity over a pH range of 4.5 to 9.5 (6) . It is possible to isolate and purify bromelain using various methods. For commercial use, bromelain is prepared by centrifugation, ultrafilteration and lyophilization (7) . The composition of bromelain varies based on the method of purification and the source; stem bromelain contains high quantities of protease content when compared with bromelain derived from the fruit (8) . It was demonstrated that the majority of the physiological activity of bromelain may not be due to single proteolytic fraction, and it is likely that the beneficial effects of bromelain are due to multiple factors (9) . Bromelain has not only been used to treat various health problems, it is also popular as a nutritional supplement to promote health. Bromelain is absorbed into the human intestines and remains biologically active with a half-life of ~6-9 h (10). The highest concentration of bromelain was identified in the blood one hour after administration (11) . Bromelain increases bioavailability and reduces the side effects that are associated with various antibiotics (12, 13) . Furthermore, bromelain acts as an immunomodulator, is anti-metastatic, anti-edematous, anti-thrombotic and anti-inflammatory (14, 15) . These findings
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indicate that bromelain may present as a promising candidate for the development of future anticancer therapeutic strategies. Notably, although numerous studies have been conducted regarding bromelain there are limited reviews that document the complete anticancer activity of bromelain. The focus of the current review was evidence for the anticancer effects of bromelain, which involve direct suppression of cancer cells, as well as evaluating the anti-inflammatory activity and immune system function modulation of bromelain. The future direction of research and the prospects for bromelain-based cancer therapy are presented.
Anti-inflammatory activity of bromelain
Inflammation is pivotal in the development of cancer during cellular transformation, proliferation, angiogenesis, invasion and metastasis. It has been demonstrated that suppression of chronic inflammation may reduce the cancer incidence and also inhibit cancer progression (16) . Cyclooxigenase-2 (COX-2) is an important component of cancer-associated inflammation that is involved in the synthesis of prostaglandin E2 (PGE-2). PGE-2 is a pro-inflammatory lipid that also acts as an immunosuppressant, as well as a promoter of tumor progression (17) . COX-2 converts arachidonic acid into PGE-2 and promotes tumor angiogenesis and cancer progression (18) . It has been shown that bromelain downregulates COX-2 and PGE-2 expression levels in murine microglial cells and human monocytic leukemia cell lines (19) . Bromelain activates the inflammatory mediators, including interleukin (IL)-1β, IL-6, interferon (INF)-γ and tumor necrosis factor (TNF)-α in mouse macrophage and human peripheral blood mononuclear cells (PBMC) (20) (21) (22) . These results indicated that bromelain potentially activates the healthy immune system in association with the rapid response to cellular stress. Conversely, bromelain reduces IL-1β, IL-6 and TNF-α secretion when immune cells are already stimulated in the condition of inflammation-induced over production of cytokines (23, 24 Effect on angiogenesis and metastasis. The metastatic spread of tumor cells from the original site is the cause of the high mortality rates associated with cancer. There are at least four interrelated biological events required for tumor metastasis: Angiogenesis, cell adhesion, cell invasion and cell proliferation (52). The interesting aspect of the anticancer activity of bromelain is its inhibitory effect on cancer metastasis. Bromelain potentially interferes with tumor metastasis progression at a variety of pivotal points (53). Bromelain inhibits cell surface adhesion proteins that are essential in cell adhesion, migration and inflammation (54). This inhibition is predominantly due to suppression of NF-κB activation. Furthermore, bromelain inhibits the invasiveness of human cancer cells by suppressing matrix metalloproteinase (MMP)-9 expression (55,56) through inhibiting activator protein 1 (AP-1) and NF-κB signaling pathways (42,57). A previous study demonstrated that bromelain initially suppresses the phosphorylation of NF-κB activation and then decreases the phosphorylation of c-Jun N-terminal kinases and subsequently AP-1 activation (58). In malignancies, there is a mutual association between platelets and tumor cells. Tumor cells initiate platelet activation, as well as the platelet-based production of multiple factors facilitating angiogenesis. Additionally, tumor cells, to varying degrees, possess the capacity to surround themselves with platelets, forming tumor-platelet aggregates that protect tumor cells from immune recognition (59). Oral administration of bromelain, as assessed by in vitro assays resulted in a reduction of platelet aggregation and activation (60). A previous study demonstrated that in vitro bromelain treatment of platelets from healthy volunteers significantly reduced platelet count (61). The ability of bromelain to inhibit platelet activation is associated with its proteolytic activity (17) . Thus, the anti-platelet activity of bromelain interferes with platelet-mediated cancer growth and progression, and prevents the generation of tumor-platelet aggregates by un-coating cancer cells and exposing them to the immune system (62).
The stimulation of new blood vessel growth is an essential step for tumor growth and metastasis in order to provide for the metabolic needs of rapidly proliferating malignant cells. Angiogenesis is regulated by a variety of pro-angiogenic genes and signaling molecules, including vascular endothelial growth factor (VEGF), basic fibroblast growth factor (bFGF), epidermal growth factor (EGF), platelet-derived growth factors, hypoxia-inducible factors, angiopoetin-1 and 2, and MMPs (63). Bromelain has demonstrated an anti-angiogenic effect in various cancer cell lines (47,64). Bromelain has been shown to regulate a variety of pro-angiogenic growth factors, enzymes and transcription factors including bFGF, VEGF, angiopoetin-1 and 2, COX-2, MMP-9, AP-1 and NF-κB (41,65). Furthermore, bromelain has been shown to inhibit the angiogenic response to FGF-2 stimulation in mouse endothelial cells and decrease the expression of MMP-9, an enzyme involved in tissue remodeling that is important for the growth of new blood vessels (66). In addition, bromelain treatment decreased the levels of the angiogenic biomarkers, COX-2 and VEGF in hepatocellular carcinoma cells, and resulted in a reduction in tumor neo-capillary density when compared with untreated cells (67). In addition to its inhibitory effects on angiogenesis, bromelain has been demonstrated to affect a number of cellular adhesion molecules involved in the processes of tumor growth and metastasis (47).
Antimicrobial activity
Bromelain supplementation protects animals against diarrhea caused by bacterial enterotoxins from Escherichia coli and Vibrio cholerae (68). Bromelain acts as anti-adhesion agent by modifying the receptor attachment sites and influences the intestinal secretory signaling pathways (69,70). In addition to its ability to counter certain effects of particular intestinal pathogens and its synergism with antibiotics, these two mechanisms are indicative of the benefits of bromelain against specific infections. In vitro evidence also suggests that bromelain exerts antihelminthic activity against the gastrointestinal nematodes, Trichuris muris and Heligmosomoides polygyrus (71,72). Conversely, bromelain acts as an anti-fungal agent by stimulating phagocytosis and respiratory burst killing of Candida albicans when incubated with trypsin in vitro (73) . Pityriasis lichenoides chronica is an infectious skin disease and bromelain reportedly caused complete resolution of this condition (74) . Bromelain has been documented to increase blood and urine levels of certain antibiotics in humans (75) (76) (77) . Combined bromelain and antibiotic therapy was shown to be more effective than antibiotics alone in pneumonia, bronchitis, cutaneous Staphylococcus infection, thrombophlebitis, cellulitis, pyelonephritis, and in perirectal and rectal abscesses (78), sinusitis (79) and urinary tract infections (80) . A combination of bromelain, trypsin, and rutin has been administered as an adjuvant therapy in combination with antibiotics for children with sepsis (77) . A combination of bromelain with enzymes derived from Aspergillus niger improved protein utilization in elderly nursing home patients (81) . Another study demonstrated that bromelain, in combination with sodium alginate, sodium bicarbonate and essential oils, significantly improved dyspeptic symptoms (82) . In addition, bromelain has been administered successfully as a digestive enzyme to treat intestinal disorders, pancreatectomy and exocrine pancreas insufficiency (83) . Finally, the combination of ox bile, pancreatin, and bromelain is effective in lowering stool fat excretion in patients with pancreatic steatorrhea, resulting in symptomatic improvements in pain, flatulence and stool frequency (84).
Clinical applications
Currently bromelain is administered for numerous clinical applications due to its therapeutic effects in the treatment of inflammation and soft tissue injuries. A clinical study demonstrated that bromelain administered to boxers completely cleared all bruises on the face and haematomas of the orbits, lips, ears, chest and arms in four days (85) . It has been demonstrated that orally administered bromelain is absorbed by the gut without losing its biological properties and significantly reduces the edema in traumatically-induced hind leg edema in rats (86) . In vitro and in vivo analysis determined that administration of bromelain prevents aggregation of human blood platelets. Furthermore, in vitro and in vivo analysis indicated that bromelain administration prevents aggregation of human blood platelets and minimizes the severity of angina pectoris and transient ischemic attacks (35) . Studies have also demonstrated the fibrinolytic activity (87), inhibition of thrombus formation (88) and platelet aggregation reduction resulting from bromelain treatment (89, 90) . In addition, bromelain administration controlled the angina attacks and resulted in the disappearance of symptoms in hypertensive patients. Furthermore, angina attacks reappeared following discontinuation of bromelain after variable periods of time (up to 2 months) (87). Another study described that bromelain was effectively involved in the treatment of acute thrombophlebitis by decreasing the walking impairment in patients, and symptoms of inflammation, including skin temperature, tenderness, edema and pain (90) . It has been shown that bromelain facilitated functional recovery of the heart by limiting myocardial injury in ischemia experiments (90) . Bromelain also increased aortic flow, and reduced the infarct size and the degree of apoptosis (90, 91) . A previous study demonstrated that bromelain treatment reduced apoptosis and endothelial cell damage in hepatic ischemia (92) . In addition, there is an evidence that bromelain protected against ischemic injury in skeletal muscle (93) . In vivo and in vitro studies have shown that bromelain dissolved arteriosclerotic plaque in rabbit aorta and it clearly explains the potent fibrinolytic activity of bromelain, which functions by breaking down cholesterol plaques (94, 95) . In experimental animals, bromelain exerts an anti-hypertensive effect when administered for prolonged time periods. Furthermore, it increases vessel wall permeability to oxygen and nutrients while increasing blood fluidity (96) . In patients suffering from inflammatory bowl diseases, bromelain administration reduces a variety of pro-inflammatory molecules, such as INF-γ and colony stimulating factor (23) . It has been reported that bromelain was successfully used in the treatment of ulcerative colitis and patients showed rapid improvement of symptoms (97) . Furthermore, bromelain administration resulted in significant decrease in pain and stiffness in patients with knee osteoarthritis (98) . In a murine model of acute asthma, bromelain decreased airway reactivity and sensitivity to irritants, decreased markers of lung inflammation (including infiltration by eosinophils and leukocytes) and moderated aspects of local airway immunity (99, 100) . Numerous reports have documented the benefits of bromelain for sinusitis (101, 102) . A previous study showed that administration of bromelain among children suffering from acute sinusitis shortened the duration of symptoms and accelerated recovery when compared with usual care regimens (103) . Furthermore, sinusitis patients that received bromelain demonstrated complete resolution of breathing difficulties and inflammation of the nasal mucosa (104) and, in a rat model of rheumatoid arthritis, treatment with bromelain combined with cyclosporine reduced destructive arthritis and inflammation (105, 106) . In addition, a clinical study demonstrated that bromelain was administered to patients with arthritic joint swelling and a significant to complete decrease in soft tissue swelling was observed (107).
Conclusion
Bromelain has been recognized as a safe and successful type of therapeutic agent, and is being used by individuals worldwide for a number of ailments, such as bronchitis, sinusitis, arthritis and inflammation. Various findings from traditional and clinical reports indicate that bromelain may be an effective anticancer therapeutic agent. From the in vitro and in vivo data that is currently available, bromelain demonstrates immunomodulatory and anti-neoplastic effects, in addition to anti-inflammatory and anti-microbial effects. The above-mentioned experimental evidence clearly demonstrates that bromelain exhibits efficacious chemopreventive capabilities entailing antitumor-initiating and -promoting effects via inhibition of tumor development, which is underlined by induction of p53, shifts in the Bax/Bcl-2 ratio, induction of caspases, decreases in Cox-2 expression and inhibition of the NF-κB pathway by regulating MAPK and Akt/PKB signaling pathways. Future studies in this area may lead to promising results for bromelain-based cancer therapy, anti-microbial agents and health supplements. 25 
